Adolescence represents a particularly vulnerable period during which exposure to stressors can precipitate the onset of psychiatric disorders and addiction. The basolateral amygdala (BLA) plays an integral role in the pathophysiology of anxiety and addiction. Acute and chronic stress promote increases in BLA pyramidal cell firing, and decreasing BLA excitability alleviates anxiety measures in humans and rodents. Notably, the impact of early-life stress on the mechanisms that govern BLA excitability is unknown. To address this gap in our knowledge, we used a rodent model of chronic early-life stress that engenders robust and enduring increases in anxiety-like behaviors and ethanol intake and examined the impact of this model on the intrinsic excitability of BLA pyramidal cells. Adolescent social isolation was associated with a significant increase in the intrinsic excitability of BLA pyramidal cells and a blunting of the medium component of the afterhyperpolarization potential, a voltage signature of calcium-activated potassium (K ca ) channel activity. Western blot analysis revealed reduced expression of small-conductance K ca (SK) channel protein in the BLA of socially isolated (SI) rats. Bath application of a positive SK channel modulator (1-EBIO) normalized firing in ex vivo recordings from SI rats, and in vivo intra-BLA 1-EBIO infusion reduced anxiety-like behaviors. These findings reveal that chronic adolescent stress impairs SK channel function, which contributes to an increase in BLA pyramidal cell excitability and highlights BLA SK channels as promising targets for the treatment of anxiety disorders and comorbid addiction.
Introduction
Exposure to stressors can trigger or exacerbate psychiatric illnesses like anxiety disorders and depression (Lupien et al., 2009; Cui et al., 2013; Koob, 2013) . Moreover, there is compelling evidence that stress and anxiety play important roles in the development and maintenance of alcohol use disorders (Spanagel et al., 1995; Silberman et al., 2009; McCool et al., 2010) . Adolescence is a particularly vulnerable developmental period during which exposure to stressors can precipitate the development of psychiatric disorders and associated behaviors (Heim and Nemeroff, 2001; Yorgason et al., 2013; Butler et al., 2014) , as well as drug and alcohol addiction (Chappell et al., 2013; Balogun et al., 2014) . Several brain regions contribute to the circuitry governing stress responsivity (Millan, 2003) , and integral among these regions is the basolateral amygdala (BLA; Lalumiere, 2014) . Indeed, acute and chronic stress is associated with increases in the intrinsic excitability (IE) of BLA pyramidal cells, the primary output neurons of this brain region (Rosenkranz et al., 2010; Hetzel and Rosenkranz, 2014) . In addition, decreasing activity of these cells reduces anxiety and its associated behaviors in humans (McEwen and Olie, 2005) and anxiety-like behaviors in rodents (Silberman et al., 2010) . Whereas it seems likely that early-life stress may lead to increased BLA excitability, no studies to date have directly explored the impact of adolescent stress on the IE of BLA pyramidal neurons.
To that end, we used a rodent adolescent social isolation model that engenders robust and enduring increases in many behavioral risk factors associated with anxiety disorders and addiction to determine whether a disruption in the IE of BLA pyramidal neurons is associated with the behavioral phenotype resultant of this model. We and others have shown that, relative to animals group housed during adolescence, rats deprived of peer social contact during this period exhibit increased anxietylike behavior in adulthood on a number of well validated assays (Wright et al., 1991; Hall et al., 1998a; Hellemans et al., 2004; Lim et al., 2011; Chappell et al., 2013) . Notably, some of these changes persist for months (Yorgason et al., 2013) . Moreover, social isolation is also associated with significant and enduring increases in multiple measures of ethanol self-administration (Hall et al., 1998b; Deehan et al., 2007; McCool and Chappell, 2009; Chappell et al., 2013) .
Neuronal IE is tightly regulated by numerous ion channels, including calcium-activated potassium (K ca ) channels. Given prior evidence that other stressors increase BLA excitability via a decrease in K ca function (Rosenkranz et al., 2010; Hetzel and Rosenkranz, 2014) , we hypothesized that adolescent social isolation may increase the IE of BLA pyramidal neurons via a similar mechanism. Using perforated-patch recording methods to preserve the intracellular milieu, we found that adolescent social isolation significantly enhances BLA pyramidal cell IE and decreases the amplitude of the medium afterhyperpolarization potential and expression of small-conductance K ca (SK) channels. We also demonstrate that enhancing BLA SK channel function restores normal BLA pyramidal cell excitability in socially isolated (SI) animals and attenuates anxiety-like behaviors in commercially sourced rats with a social isolation-like phenotype.
Materials and Methods

Animals
All experiments were performed in accordance with the Wake Forest University Animal Care and Use Committee and the Guide for the Care and Use of Laboratory Animals set forth by the National Institutes of Health.
Adolescent social isolation
Male Long-Evans rats were sourced from a commercial supplier (Harlan) and assigned to one of the following groups.
Group housed. Rats arrived at postnatal day 21 (P21) and were housed in groups of four in large Plexiglas cages (33.0 ϫ 59.7 cm; Nalgene) until animals were killed for ex vivo electrophysiology or Western blotting (P85-P109).
Socially isolated. Rats arrived at P21, remained group housed (GH; four per cage) in the large Plexiglas cages for 1 week, and were then individually housed in smaller Plexiglas cages (25.4 ϫ 45.7 cm) for the remainder of the study (P85-P109). These animals were exposed to the same olfactory, visual, and auditory cues as group housed rats but were deprived of social contact with peer rats during this period.
Standard adult housed. Rats used for microinjection studies arrived at P63 and were singly housed in the small Plexiglas cages for the remainder of the study. Bilateral BLA cannulation surgery was performed at P71 and P72, and microinjection studies were performed at P79 -P106. Standard adult animals used for electrophysiology arrived at P63 and received a mock cannulation surgery at P71 and P72 in which animals were sedated, but cannulation of the BLA was not performed. These animals were handled in a manner similar to that of subjects used for the behavioral studies, including restraint commensurate with microinjections, but did not receive behavioral testing. Electrophysiology was performed at P101-P115.
GH/SI animals were weighed and handled once per week, whereas standard adult rats were handled and weighed 5 d per week. All animals had ad libitum access to food and water throughout the study. Animals were maintained on the same light/dark cycle and ate the same diet.
Electrophysiology
After the induction of a deep anesthetic plane with halothane, rats were decapitated, and their brains were removed and placed into ice-cold artificial CSF (aCSF) consisting of (in mM) 124 NaCl, 3.3 KCl, 2.4 MgCl 2 , 1.2 KH 2 PO 4 , 10 D-glucose, and 25 NaHCO 3 , bubbled with 95% O 2 and 5% CO 2 . Transverse slices containing the basolateral amygdala were cut at a thickness of 400 m using a VT1000S Vibratome (Leica Microsystems). Incubation of slices occurred for at least 1 h at room temperature (21-23°C) in aCSF before experiments commenced.
Slices were transferred to a recording chamber and perfused with oxygenated, room-temperature aCSF at 2 ml/min. Filamented borosilicate glass capillary tubes (inner diameter, 0.86 m) were pulled using a horizontal pipette puller (P-97; Sutter Instrument) to prepare recording electrodes. Perforated-patch recordings were acquired in current-clamp mode using an Axoclamp 2B amplifier, digitized (Digidata 1321A; Molecular Devices), and analyzed off-line using an IBM-compatible computer running pClamp 10.4 software (Molecular Devices).
All electrophysiological recordings and analyses took place with the experimenter blind to the housing condition of the animals. The gramicidin perforated-patch technique was used for all electrophysiological experiments. Gramicidin is a polypeptide antibiotic that perforates the membrane, forming pores that are selectively permeable to monovalent cations (Akaike and Harata, 1994) . This allows for direct electrical access to the cell without substantial dialysis of the cytosol (Akaike, 1996; Kaczorowski et al., 2007) . Gramicidin was diluted in dimethylsulfoxide (DMSO) to a stock concentration of 50 mg/ml. The stock solution was further diluted to a final concentration of 200 g/ml in a patch-pipette solution containing (in mM) 135 KCl, 10 HEPES, 2 MgCl 2 , 2 EGTA, and 0.5 CaCl 2 , adjusted to pH 7.2 with KOH. The KCl-gramicidin solution was sonicated for 5 min at the beginning of each day and vortexed for 15-30 s before filling each electrode. No filtering was applied. Each electrode was backfilled with gramicidin-free KCl patch-pipette solution to avoid interference of the antibiotic with seal formation, and the remainder of the electrode was filled with the KCl-gramicidin solution. After forming a high-resistance seal (G⍀), the cell was held in current-clamp mode for 25-75 min until perforation occurred and access resistance stabilized. All cells were maintained at a membrane potential of Ϫ60 mV with direct current injection. To examine the effect of adolescent social isolation on IE, BLA pyramidal neurons were injected with hyperpolarizing and depolarizing current pulses ranging from Ϫ300 to 550 pA in 50 pA increments for 600 ms. Current injections were separated by a 15 s interstimulus interval. The number of action potentials evoked by each current injection was counted and averaged across five trials for each experimental condition (e.g., baseline, drug application). Resting membrane potential (RMP) was assessed at the beginning of the recording period after the stabilization of access resistance and was periodically monitored throughout the recording by momentarily relieving the direct current injection. Although there were no significant differences in RMP between groups or from drug application, any changes detected in RMP during individual recordings were offset with manual direct current injection to maintain cells at Ϫ60 mV. Thus, any changes in action potential generation were not attributable to hyperpolarization or depolarization of the neuron. For all but the first experiment, 100 M picrotoxin and 20 M 6,7-dinitroquinoxaline (DNQX) were added to the superfusate to block GABA A and AMPA receptors, respectively.
Unless otherwise noted, all drugs were purchased from Sigma. The selective SK channel modulators 1-ethyl-2-benzimidazolinone (1-EBIO) and apamin were purchased from Tocris. 1-EBIO was prepared as a 100-fold concentrate in water and DMSO and applied directly into the perfusion chamber via calibrated syringe pumps (Razel Scientific Instruments). Bath DMSO concentration never exceeded 0.05%. Apamin was delivered at its final concentration via a separate aCSF container, and a multichannel valve controller (Warner Instruments) was used to toggle between solutions using solenoid valves (Farmington Engineering).
Western blotting
Slices were prepared in the same manner as for electrophysiology studies (400 M). Slices were then further dissected to remove extraneous tissue resulting in a BLA-enriched amygdala fraction and frozen at Ϫ80°C until used. Ten micrograms of total protein were loaded per lane onto 4 -20% Criterion TGX precast polyacrylamide gels, separated by electrophoresis, and transferred to a nitrocellulose membrane (Bio-Rad). Membranes were blocked with Tris-buffered saline (TBST) containing 5% nonfat milk (NFM). Blots were then incubated overnight at 4°C in TBST/1.0% NFM containing an anti-SK2 or anti-SK3 polyclonal rabbit antibody (each at 1:1000; Alomone Labs). Blots were exposed to a peroxidaselabeled goat anti-rabbit secondary antibody (1:3000; Sigma). Detection of a bound secondary antibody was performed using Super Signal West Dura Extended Duration Substrate enhanced chemiluminescence (Thermo Fisher Scientific). Blots were stripped and reprobed with the loading control anti-␤-actin mouse monoclonal antibody (Sigma). For analysis, each band was calculated as percentage of ␤-actin using ImageLab software (Bio-Rad) and normalized to the GH group.
Behavioral assays
Microinjection experiments were conducted on male Long-Evans rats (n ϭ 8, ϳ350 g) as described previously (Silberman et al., 2010) . Briefly, 26 gauge guide cannulae were bilaterally implanted to terminate 1 mm dorsal to the BLA (2.8 mm posterior from bregma, 6.2 mm ventral from bregma, and 5.0 mm lateral from midline). Rats were then allowed to recover for 1 week. Rats were individually housed throughout the duration of this experiment.
After the recovery period, a 3 d acclimation procedure was conducted to habituate the rats to the stimuli associated with microinjections and to reduce the stress associated with this procedure. Four days after this acclimation period, behavioral testing commenced using a randomized, Latin-square design (vehicle, 1-EBIO). 1-EBIO was aided into solution using (2-hydroxypropyl)-␤-cyclodextrin (10% w/v; Sigma) in aCSF (Tocris) and injected at 10 g per side. (2-Hydroxypropyl)-␤-cyclodextrin (10% w/v) in aCSF was used for vehicle injections. 1-EBIO or vehicle was injected at a volume of 0.5 l per side over 60 s. Injection cannulae were left in place for an additional 30 s to allow for diffusion of drug or vehicle, and behavioral tests were administered 5 min after injections. Two behavioral tests were used to assess the effect of intra-BLA 1-EBIO injections on anxiety-like behaviors. The first test used a standard elevated plus-maze (elevated 72.4 cm from the ground) with four radial arms (10.2 ϫ 50.8 cm) wherein opposing arms are either enclosed in black polypropelyne walls (40.6 cm high; MED Associates) or open and illuminated by incandescent light (ϳ55 fc). Rats were placed at the central junction, facing an open arm, and activity was monitored for 5 min. Anxiety-like behavior was assessed as the time spent on the open arms and the total entries into the open arms, whereas gross locomotor activity was quantified as the number of entries into the closed arms. The second test used was the open-field exploration assay. Rats were placed in the center of an acrylic plastic chamber (40.7 ϫ 40.8 ϫ 40.7 cm). Exploratory activity was collected in 5 min bins for 30 min. Anxiety-like behavior was assessed as the amount of time spent in the center of the open field (20.3 ϫ 20.3 cm). Locomotor activity was assessed as the total distance traveled. All activity within the open-field chamber and the elevated plus-maze was video recorded and analyzed off-line using EthoVision (Noldus) tracking software. Trials on the elevated plus-maze were separated by 1 month, with open-field tests conducted during the intervening weeks. Under these experimental conditions, this separation avoids onetrial tolerance that may develop on this assay (Silberman et al., 2010; Skelly and Weiner, 2014) . After the completion of behavioral testing, all rats were given a lethal dose of sodium pentobarbital to induce a deep, irreversible anesthetic plane. Once deeply anesthetized, rats were transcardially perfused with 3% PBS to the point of exsanguination, followed by 10% formalin in saline. Brains were carefully removed via craniotomy and stored in 10% formalin for at least 1 week. Brains were then sectioned at a thickness of 90 m using a Leitz 1320 cryostat (Boyle Instruments), stained with cresyl violet, and examined using light microscopy to confirm cannula placement.
Statistics
Data are expressed as mean Ϯ SEM throughout the text and figures. Paired and unpaired two-tailed t tests were used when comparing two groups. When multiple measures were compared between groups, twoway repeated-measures ANOVAs (RM AVOVAs) were used. Where noted, post hoc analysis was conducted using Bonferroni's multiple comparisons test. The minimal level of significance was set as p Ͻ 0.05 for all analyses. All statistical analyses were conducted using Prism version 6.0 (GraphPad Software).
Results
Adolescent social isolation increases the excitability of BLA pyramidal neurons
To determine whether adolescent social isolation increased BLA excitability, the frequency of action potentials in response to depolarizing current steps was measured from BLA pyramidal neurons. Gramicidin perforated-patch recordings were performed in current-clamp mode where 600 ms hyperpolarizing and depolarizing current steps were applied (Ϫ300 to 550 pA in 50 pA increments; 15 s interstimulus interval). Between current pulses, neurons were held at Ϫ60 mV with direct current injection. Pyramidal neurons were characterized as those cells that displayed spike-frequency adaptation and broad action potentials and lacked spontaneous discharge at resting membrane potential (Washburn and Moises, 1992) . In the first set of experiments, recordings were made in the absence of GABA A and AMPA receptor blockers in the superfusate. Neurons from SI animals displayed significantly greater IE (n GH ϭ 16, n SI ϭ 17; F current (11,341) ϭ 225.7, p Ͻ 0.0001; F housing (1,31) ϭ 4.319, p ϭ 0.0461; F interaction (11,341) ϭ 5.467, p Ͻ 0.0001; two-way RM ANOVA; Fig. 1A ,B) as indicated by an increased number of action potentials over a range of current injections.
Action potential frequency is mediated in part by both voltage-and calcium-activated potassium (K ca ) channels (Armstrong and Hille, 1998; . Intracellular increases in calcium occurring during action potentials activate K ca channels, resulting in potassium efflux and membrane hyperpolarization. This afterhyperpolarization potential (AHP) shifts the neuronal membrane potential farther from the action potential threshold, making subsequent action potentials less likely, and can serve as a signature of K ca activity (Rosenkranz et al., 2010; Padula et al., 2015) . The amplitude of both the slow AHP (sAHP) and the medium AHP (mAHP) was measured from traces with similar action potential frequency, as the amplitude of these potentials is dependent on the number of spikes (Abel et al., 2004) . mAHPs were measured as the peak negative potential after the cessation of the current step, whereas sAHPs were quantified as the average voltage during a 50 ms time window 280 ms after the end of the current step ( Fig. 1F ; Santini et al., 2008) . Both the sAHP (n GH ϭ 16, n SI ϭ 17; p ϭ 0.0370, unpaired t test; Fig. 1C,F ) and the mAHP (n GH ϭ 16, n SI ϭ 17; p ϭ 0.0360, unpaired t test; Fig. 1 D, F ) were blunted in neurons recorded from SI rats compared with those from GH animals, consistent with a stress-induced inhibition of K ca channel activity (Rosenkranz et al., 2010) . Fast AHPs (fAHPs) were quantified as the peak negative potential after the first action potential at the current step that elicited the fewest action potentials (Fig. 1G) . No group differences were detected in the fAHP (n GH ϭ 16, n SI ϭ 17; p ϭ 0.9298, unpaired t test; Fig. 1 
E, G).
Adolescent social isolation increases the intrinsic excitability of BLA pyramidal neurons independent of synaptic input Action potential generation in response to depolarizing currents steps was again tested in BLA pyramidal neurons from both GH and SI rats. However, to block any influence of ongoing synaptic activity, 100 M picrotoxin and 20 M DNQX were added to the superfusate to block GABA A and AMPA receptors, respectively. Again, neurons recorded from rats reared in isolation displayed increased IE (n GH ϭ 18, n SI ϭ 18; F current (11,374) ϭ 383.0, p Ͻ 0.0001; F housing (1,34) ϭ 4.155, p ϭ 0.0493; F interaction (11,374) ϭ 3.086, p ϭ 0.0005, two-way RM ANOVA; Fig. 2 A, B) and blunted mAHPs (n GH ϭ 15, n SI ϭ 15; p ϭ 0.0396, unpaired t test; Fig. 2D ). The amplitude of the sAHP (n GH ϭ 16, n SI ϭ 17; p ϭ 0.0910, unpaired t test; Fig. 2C ) and fAHP (n GH ϭ 15, n SI ϭ 16; p ϭ 0.8446, unpaired t test; Fig. 2E ) was not different between groups. Other measures of both passive and active membrane properties did not differ between housing groups (Table 1) .
Positive modulation of BLA SK channels suppresses action potential frequency to a greater extent in neurons recorded from SI animals The above experiments indicate that pyramidal neurons in the BLA of isolated animals exhibit a significant increase in action potential firing in response to depolarizing current injections. This increase in excitability was accompanied by reduced mAHP amplitude, indicative of reduced K ca channel activity. If altered activity of BLA K ca is fundamentally involved in stress-induced Figure 1 . Adolescent social isolation is associated with an increase in the excitability of BLA pyramidal neurons. A, Depolarizing current steps evoke significantly more action potentials in neurons recorded from SI animals compared with GH animals (n GH ϭ 16, n SI ϭ 17; *p Ͻ 0.05, two-way RM ANOVA). B, Representative voltage responses to 600 ms current pulses over a range of current intensities for recordings from GH and SI rats. C, Group data showing that adolescent social isolation reduces the amplitude of the sAHP (n GH ϭ 16, n SI ϭ 17; *p Ͻ 0.05, unpaired t test). D, Group data indicating a significant effect of housing condition on the mAHP (n GH ϭ 16, n SI ϭ 17; *p Ͻ 0.05, unpaired t test). E, Group data showing that the fAHP is not modulated by social isolation (n GH ϭ 16, n SI ϭ 17; p Ͼ 0.05, unpaired t test). F, Example traces showing the voltage response to a 600 ms depolarizing current step used to elicit a sAHP and a mAHP (spikes are truncated). The mAHP was quantified as the peak hyperpolarization, and the box indicates the window in which the sAHP was measured. The dashed line indicates the resting membrane potential of Ϫ60 mV. G, Example traces showing the fAHP measured as the peak hyperpolarization relative to action potential threshold after a single action potential.
increases in BLA pyramidal cell excitability, pharmacological enhancement of K ca activity may mitigate the effects of chronic adolescent stress on BLA pyramidal cell excitability. Thus, we examined whether functional enhancement of SK channel activity with 1-EBIO, a drug that increases calcium sensitivity at the calmodulin-binding domain of SK channels (Pedersen et al., 1999; Zhang et al., 2012) , differentially modulates action potential firing in SI and GH animals. Bath application of 300 M 1-EBIO significantly suppressed action potential frequency in neurons from SI rats over a range of currents (n ϭ 15; F current (11,154) ϭ 80.30, p Ͻ 0.0001; F EBIO (1, 14) ϭ 46.27, p Ͻ 0.0001; F interaction (11,154) ϭ 21.50, p Ͻ 0.0001; two-way RM ANOVA; Fig. 3B ) but was without effect in GH recordings (n ϭ 14; F current (11,143) ϭ 133.3, p Ͻ 0.0001; F EBIO (1,13) ϭ 3.271, p ϭ 0.0937; F interaction (11,143) ϭ 1.450, p ϭ 0.1569; two-way RM ANOVA; Fig. 3A ). After application of 1-EBIO, no housing group-related differences in either IE (F housing (1,28) ϭ 0.02123; p ϭ 0.8852, two-way RM ANOVA; Fig. 4 A, B, red traces) or mAHP (n GH ϭ 15, n SI ϭ 15; p ϭ 0.6706, unpaired t test; Fig. 3C ) were observed, suggesting that enhancing SK channel activity can normalize the increased BLA excitability that manifests after adolescent social isolation.
SK channel blockade differentially enhances firing in BLA pyramidal neurons from GH and SI animals
If increased IE of BLA pyramidal cells from SI animals reflect reduced SK channel activity, then blockade of these channels should have a smaller effect on firing in neurons from SI versus GH animals (Hopf et al., 2010) . Apamin is a potent and selective SK channel blocker that reduces mAHP amplitude (Stocker et al., 1999) and can enhance action potential firing (Hopf et al., 2010) . Although apamin (100 nM) enhanced firing in neurons recorded frombothGH(n ϭ 10; F current (11,99) ϭ 168.0, p Ͻ 0.0001; F apamin (1,9) ϭ 9.845, p ϭ 0.0120; F interaction (11,99) ϭ 12.67, p Ͻ 0.0001; two-way Figure 2 . The adolescent social isolation-associated increase in BLA pyramidal neuron excitability is not dependent on synaptic transmission. A, With synaptic transmission blocked, BLA pyramidal neurons recorded from SI rats fire significantly more action potentials in response to depolarizing current injections (n GH ϭ 18, n SI ϭ 18; *p Ͻ 0.05, two-way RM ANOVA). B, Representative voltage responses to 600 ms current pulses over a range of current intensities for recordings from GH and SI rats. C, Group data showing that the sAHP is nonsignificantly decreased in recordings from SI animals (n GH ϭ 16, n SI ϭ 17; p Ͼ 0.05, unpaired t test). D, Group data indicating a significant effect of adolescent housing condition on the amplitude of the mAHP (n GH ϭ 15, n SI ϭ 15; *p Ͻ 0.05, unpaired t test). E, Group data showing that adolescent housing condition does not affect the amplitude of the fAHP (n GH ϭ 15, n SI ϭ 16; p Ͼ 0.05, unpaired t test). Shown is a summary of the effect of adolescent social isolation and SK channel modulators on other passive and active membrane properties of BLA pyramidal neurons. AP, Action potential.
RM ANOVA; Fig. 3D ) and SI (n ϭ 9; F current (11,88) ϭ 67.87, p Ͻ 0.0001; F apamin (1,8) ϭ 9.323, p ϭ 0.0157; F interaction (11,88) ϭ 7.23, p Ͻ 0.0001; two-way RM ANOVA; Fig. 3E ) animals, Bonferroni's post hoc tests revealed that apamin did increase firing over a greater range of injected currents in GH rats (significant difference from baseline in GH animals from 200 to 550 pA and in SI animals from 400 to 550 pA; Fig. 3 D, E) , suggesting that the baseline contribution of SK channels is greater in GH animals. The amplitude of the mAHP was blunted in both groups after apamin application and was no longer significantly different between groups (n GH ϭ 10, n SI ϭ 9; p ϭ 0.6135, unpaired t test; Fig. 3F ).
SK2 and SK3 subunit protein expression is reduced after adolescent social isolation
Three subtpyes of SK channels are expressed in the brain, and all three subtypes are highly enriched within the BLA (Stocker and Pedarzani, 2000; Gymnopoulos et al., 2014) . We therefore followed up the electrophysiological experiments by using Western blots to determine whether there was a concurrent decrease in SK channel protein in the BLA of isolated animals. We chose to analyze the expression of the SK2 and SK3 subunits as these subunits are associated with the current that underlies the mAHP (Bond et al., 2004) and are altered in the nucleus accumbens and Figure 3 . Ex vivo pharmacological modulation of BLA SK channels differentially affects action potential firing in recordings from SI animals compared with GH animals. A, Bath application of the SK channel-positive modulator 1-EBIO does not attenuate firing in recordings from GH rats (n ϭ 14; NS, not significant; two-way RM ANOVA). B, Positive modulation of BLA SK channels significantly reduces action potential firing in recordings from SI rats (n ϭ 15; ****p Ͻ 0.0001, two-way RM ANOVA; # significant difference from baseline, Bonferroni's multiple comparisons test). C, 1-EBIO-positive modulation of SK channels normalizes mAHP amplitude between GH and SI recordings (baseline: n GH ϭ 15, n SI ϭ 15; *p Ͻ 0.05, unpaired t test; 1-EBIO: n GH ϭ 12, n SI ϭ 14; p Ͼ 0.05, unpaired t test). D, Blockade of SK channels with apamin increases action potential firing in recordings from GH rats (n ϭ 10; *p Ͻ 0.0001, two-way RM ANOVA; # significant difference from baseline, Bonferroni's multiple comparisons test). E, Action potential firing is significantly increased after bath application of apamin in recordings from SI rats (n ϭ 9; *p Ͻ 0.0001, two-way RM ANOVA; # significant difference from baseline, Bonferroni's multiple comparisons test). F, Apamin blockade of SK channels normalizes mAHP amplitude between the GH and SI groups (baseline: n GH ϭ 15, n SI ϭ 15; *p Ͻ 0.05, unpaired t test; apamin: n GH ϭ 10, n SI ϭ 9; p Ͼ 0.05, unpaired t test). . SI rats have reduced BLA SK2 and SK3 subunit protein expression compared with GH subjects. A, Representative Western blots and group data, normalized to GH, illustrating reduced SK2 subunit protein in the BLA of SI rats (n GH ϭ 8, n SI ϭ 8; *p Ͻ 0.05, unpaired t test). B, Representative Western blots and group data, normalized to GH, illustrating reduced SK2 subunit protein expression in SI rats. (n GH ϭ 8, n SI ϭ 8; **p Ͻ 0.01, unpaired t test).
hippocampus after chronic ethanol exposure (Hopf et al., 2010; Mulholland et al., 2011; Padula et al., 2015) . Both SK2 (n GH ϭ 8, n SI ϭ 8; p ϭ 0.0321, unpaired t test; Fig. 4A ) and SK3 (n GH ϭ 8, n SI ϭ 8; p ϭ 0.0051, unpaired t test; Fig. 4B ) subunit expression was significantly reduced in BLA-enriched tissue collected from SI rats relative to GH animals.
Activation of BLA SK channels decreases anxiety-like behaviors
Based on the preceding experiments, we hypothesized that pharmacological activation of BLA SK channels might attenuate some of the increases in behavioral risk factors (e.g., anxiety-like behaviors) associated with the adolescent social isolation procedure. To generate the phenotype observed in GH and SI animals, rats are minimally handled throughout adolescence (once per week for 7 weeks). The extensive handling required for brain region-specific microinjections precluded the use of SI and GH subjects for this experiment. However, we have previously reported that commercially sourced adult animals display a behavioral phenotype that is very similar to that of SI rats (Chappell et al., 2013) , including an anxiogenic phenotype on the elevated plus-maze. Although these animals are also minimally handled during adolescence, we are able to acclimate them to microinjection procedures once they arrive in our laboratory. Bilateral delivery of 1-EBIO (10 g per side) resulted in robust anxiolysis as evidenced by an increase in time spent on the open arms (n ϭ 8; p ϭ 0.0012, paired t test; Fig. 5A,D) and open-arm entries (n ϭ 8; p Ͻ 0.0001, paired t test; Fig. 5B,D) on the elevated plusmaze. These changes were also associated with a significant reduction in closed-arm entries (n ϭ 8; p ϭ 0.0022, paired t test; Fig.  5C,D) . Furthermore, 1-EBIO also reduced anxiety-like behavior on the open-field paradigm. After injection of 1-EBIO, rats spent significantly more time in the center of the open field compared with after vehicle injections (n ϭ 8; F housing (1,7) ϭ 7.685; p ϭ 0.0276, two-way RM ANOVA; Fig. 6A,C) . Notably, no differences in overall locomotor activity were noted in this assay (n ϭ 8; F housing (1,7) ϭ 1.609, p ϭ 0.2452; F interaction (5,35) ϭ 1.609, p ϭ 0.9079; two-way RM ANOVA; Fig. 6B,C) . Since 1-EBIO significantly reduced IE in recordings from SI but not GH subjects, we next sought to determine whether BLA pyramidal cell excitability in commercially sourced rats was also sensitive to 1-EBIO modulation. We procured a separate cohort of commercially sourced rats and handled them in a manner similar to that used for the behavioral studies (see Materials and Methods). Bath application of 300 M 1-EBIO significantly reduced the IE of BLA pyramidal cells (n ϭ 8; F current (11,77) ϭ 100.4, p Ͻ 0.0001; F EBIO (1,7) ϭ 11.65, p ϭ 0.0112; F interaction (11,77) ϭ 8.051, p Ͻ 0.0001; two-way RM ANOVA). To quantify the effect of 1-EBIO on IE in SI, GH, and commercially sourced rats, the number of action potentials generated over the full range of depolarizing current injections was fit with a linear slope to generate an input/output (I/O) slope (Hopf et al., 2010) . This I/O relationship was compared between baseline and 1-EBIO time points in each cohort. 1-EBIO had no effect on the I/O slope in GH animals (n ϭ 14; p ϭ 0.4045; paired t test; Fig. 7A ) but significantly inhibited this measure in both SI rats (n ϭ 15; p Ͻ 0.0001, paired t test; Fig. 7B ) and commercially sourced adult animals (n ϭ 8; p ϭ 0.0051, paired t test; Fig. 7C ).
Discussion
The clinically important comorbidity between stress, anxiety disorders, and alcohol addiction has been well documented ( , paired t test) . B, Group and individual data indicating a significant 1-EBIO effect on entries into the closed arms of the elevated plus-maze (n ϭ 8; ***p Ͻ 0.001, paired t test). C, Group and individual data showing a significant reduction in closed-arm entries after microinjection of 1-EBIO (n ϭ 8; **p Ͻ 0.01, paired t test). D, Activity tracks from representative rats during performance on the elevated plus-maze after vehicle (left) and 1-EBIO (right) microinjection; gray arms represent closed arms of the elevated plus-maze.
2009; Koob, 2013). However, difficulties in developing animal models that foster robust increases in anxiety-like behaviors and other measures of addiction vulnerability have impeded advances in identifying neural substrates that may underlie these disorders. Here, we used a rodent adolescent social isolation procedure that engenders longlasting increases in a range of behaviors associated with increased risk of alcohol addiction (Hall et al., 1998a; Chappell et al., 2013; Yorgason et al., 2013; Butler et al., 2014) to examine the impact of early-life stress on the IE of BLA pyramidal cells. These neurons are thought to assign affective value to sensory signals with strong emotional valence (Janak and Tye, 2015; Namburi et al., 2015) and are the primary output neurons of this brain region that is known to play an integral role in the etiology of anxiety disorders and addiction Felix-Ortiz et al., 2013; Stamatakis et al., 2014) . Using perforated-patch recording methods to preserve the integrity of the cytosolic milieu, we found that, relative to recordings from animals group housed in adolescence, BLA pyramidal cells from socially isolated rats displayed a significant increase in action potential firing in response to depolarizing current injections. This increase in excitability was associated with a decrease in the amplitude of the mAHP, suggesting that K ca channel activity may be impaired in the BLA of SI animals, thus providing a pharmacological target to reverse the effects of chronic stress. Positive ex vivo modulation of SK channels reduces intrinsic excitability of BLA pyramidal neurons in commercially sourced adult rats that show SI-like, anxiety-like behavior (Chappell et al., 2013) . A, Bath application of 1-EBIO (300 M) does not significantly modulate the I/O slope in GH recordings (n ϭ 14; p Ͼ 0.05, paired t test). B, 1-EBIO reduces the I/O slope in recordings from SI rats (n ϭ 15; ***p Ͻ 0.0001, paired t test). C, Positive modulation of BLA SK channels reduces the I/O slope recorded from pyramidal cells in commercially sourced rats (n ϭ 8; **p Ͻ 0.01, paired t test).
Plastic adaptations of neuronal membrane properties play an important role in learning and memory. However, maladaptive changes in membrane properties are observed in pathological conditions such as epilepsy (Bernard et al., 2004) , drug addiction (Kourrich et al., 2015) , and animal models of post-traumatic stress disorder Criado-Marrero et al., 2014) . Our data provide supporting evidence for the emerging hypothesis that K ca channelopathy may underlie chronic stressassociated alterations in amygdala excitability (Rosenkranz et al., 2010; Hetzel and Rosenkranz, 2014) . Although IE and AHP amplitude are regulated by a number of different ion channels, our data strongly suggest that SK channel dysregulation plays a central role in stress-induced increases in BLA pyramidal cell excitability. First, we observed reduced amplitude of the mAHP in recordings from SI animals. In the hippocampus, the mAHP is absent in SK2 null mice (Bond et al., 2004) , and other studies have also linked the amplitude of mAHPs to the activity of SK channels (Rosenkranz et al., 2010; Padula et al., 2015) . Second, our biochemical data reveal a robust reduction in SK2 and SK3 protein subunit expression in the amygdala of SI animals. Finally, we were able to normalize both mAHP amplitude and IE in SI recordings by pharmacologically enhancing SK channel function. K ca channel function and expression is modulated by ␤-adrenoceptors (Faber et al., 2008) , intracellular protein kinase activity (Pedarzani and Storm, 1993; Ren et al., 2006; Oh et al., 2009 ), glucocorticoids (Kye et al., 2007 , and neuronal activity (Lin et al., 2010) . It is plausible that stress-induced alterations in any of these factors could drive the modulation of SK channels observed in this study. Indeed, BLA adrenergic (Gilpin and Koob, 2010; Silberman et al., 2010) , and protein kinase-dependent Cruz et al., 2012) , processes have all been implicated in stress-ethanol interactions, and modulators of these systems are indicated as potential targets for the treatment of both anxiety disorders and ethanol addiction (Sellers et al., 1977; Thorsell et al., 2007; Cui et al., 2013; Skelly and Weiner, 2014) .
It is possible that the reduced amplitude of the sAHP may also contribute to the increased IE of BLA pyramidal cells in SI animals. The molecular identity of the channels underlying the sAHP are still unknown ; however, when we blocked SK channels with apamin, IE was normalized between groups. If the apamin-insensitive sAHP was driving the increased IE in SI animals, group differences would have been expected to remain during this experiment. Another alternative explanation for our results would be decreased activity of voltage-gated calcium channels, or decreased functional coupling between these calcium channels and K ca channels. Although our data cannot definitively rule out these possibilities, the observed reduction in SK channel protein in SI BLA tissue is supportive of our hypothesis that K ca channelopathy contributes to the increase in IE seen in SI animals. It is also possible that environmental conditions resulting in increased anxiety-like behavior alter the sensitivity of SK channels to positive allosteric modulation by 1-EBIO. Indeed, exposure to stress or drugs of abuse can alter allosteric interactions between drugs and their receptors (Deutsch et al., 1994; Kang et al., 1998) .
We hypothesize that the ability of 1-EBIO to attenuate firing in SI, but not GH, animals, despite a significant reduction in channel expression in SI subjects, may be attributable to a ceiling effect. Basal SK channel activity in GH animals may be so high that it occludes the ability of 1-EBIO to further enhance mAHPs and reduce firing. In contrast, since SK channel activity appears to be compromised in SI animals, positive allosteric enhancement of these channels can augment mAHP amplitude and decrease the firing rate of BLA pyramidal neurons. Indeed, in other studies where SK channel activity and expression is reduced, positive modulators of SK channels also significantly reduced firing in groups exhibiting compromised SK channel activity but not in control subjects (Hopf et al., 2010 (Hopf et al., , 2011b Rosenkranz et al., 2010) .
Chronic ethanol exposure also results in many of the behavioral and physiological phenotypes observed after chronic stress Lopez and Becker, 2014) , suggesting that environmental and ethanol-associated stressors may impinge on common physiological targets. Interestingly, chronic ethanol administration has also been associated with increases in IE of dorsal raphe (Lowery-Gionta et al., 2014) , nucleus accumbens (Hopf et al., 2010) , putamen (Cuzon Carlson et al., 2011) , bed nucleus of the stria terminalis (Marcinkiewcz et al., 2014) , and hippocampal (Mulholland et al., 2011) neurons. Meanwhile, the genes encoding for SK channels are altered in the BLA of alcoholics (Ponomarev et al., 2012) and in the nucleus accumbens of mice exposed to chronic ethanol (Padula et al., 2015) . These data, taken together with our current findings, suggest that increases in neuronal firing along with SK channelopathy in many of the brain regions associated with addiction and stress responsivity, likely represent common neurobiological substrates that contribute to the deleterious behavioral sequelae associated with chronic stress or alcohol exposure.
BLA pyramidal neurons play a critical role in the processing of emotional information by assigning value to sensory cues and transmitting this signal onto efferent structures to regulate behavioral output in an adaptive manner (Tye and Janak, 2007; Namburi et al., 2015) . As such, changes in the firing frequency of these cells can have dramatic behavioral outcomes and may contribute to the phenotype associated with the adolescent social isolation model. Increased excitability of BLA pyramidal neurons would likely facilitate activity in downstream regions such as the prefrontal cortex, central amygdala, hippocampus, and nucleus accumbens. Indeed, artificially increasing the activity of BLA pyramidal cells in vivo can produce a range of behaviors consistent with those observed in this model, including anxiety-like Felix-Ortiz et al., 2013) and addiction-like behaviors.
The present findings demonstrate that adolescent social isolation results in a significant increase in the IE of BLA pyramidal neurons, likely mediated by a concurrent decrease in SK channel function and expression. Given the strong link between elevated BLA neuronal excitability and anxiety, this decrease in SK channel activity likely represents a critical neurobiological substrate that contributes to the longlasting increases in anxiety-like behaviors that manifest after the adolescent social isolation procedure. Indeed, our ex vivo electrophysiology experiments suggest that positive modulation of BLA SK channels can restore normal BLA IE in pyramidal cell recordings from SI animals. Consistent with this, we also provide evidence from studies in commercially sourced adult animals that exhibit an SI-like behavioral phenotype (Chappell et al., 2013) , that intra-BLA infusion of this drug significantly reduces anxiety-like behaviors on two well validated behavioral assays. Importantly, we also confirmed that 1-EBIO significantly reduced BLA pyramidal cell excitability in recordings from commercially sourced rats, as observed in SI, but not in GH, subjects. Thus, in animals that exhibit an anxiogenic phenotype and a preservation of the ex vivo sensitivity to 1-EBIO inhibition of BLA IE, microinjection of this drug into the BLA significantly attenuates anxiety-like behaviors, providing initial evidence that enhancement of BLA SK channels may represent an effective means of reducing anxiety and addiction-associated behaviors.
Collectively, these results demonstrate that early-life stress leads to a significant decrease in SK channel expression and activity and an increase in the IE of BLA pyramidal cells. Our findings, convergent with those of others (Rosenkranz et al., 2010; Hopf et al., 2011a,b; Atchley et al., 2012; Mulholland, 2012; Padula et al., 2015) , contribute to a growing body of literature indicating that SK channels represent promising targets for the development of novel treatments for stress-associated anxiety disorders and comorbid addiction.
